The controversial connection between cosmic rays, solar activity, and cloud cover is investigated using a climatological reconstructed reanalysis product: the North American Regional Reanalysis which provides high-resolution, low, mid-level, high, and total cloud cover data over a Lambert conformal conic projection permitting land/ocean discrimination. Pearson's product-moment regional correlations were obtained between monthly cloud cover data and solar variability indicators, cosmic ray neutron monitors, several climatological indices, including the Atlantic Multidecadal Oscillation (AMO), and between cloud layers. Regions of the mid-latitude oceans exhibited a positive correlation with cosmic ray flux. Additionally, this maritime low cloud cover exhibits the only failed correlation significance with other altitudes. The cross correlation reveals that cloud cover is positively correlated everywhere but for ocean low cloud cover, supporting the unique response of the marine layer. The results of this investigation suggest that with the assumption that solar forcing does impact cloud cover, measurements of solar activity exhibits a slightly higher correlation than GCRs. The only instance where GCRs exhibit a positive regional correlation with cloud cover is for maritime low clouds. The AMO exerts the greatest control of cloud cover in the NARR domain.
Introduction
Solar variability has long been suspected as having a significant influence on climate change. Solar cycles of magnetic variability result in changes in the luminal spectra of the sun, the properties of the solar wind, and the flux of galactic cosmic rays incident on Earth's atmosphere. Changes in the total solar irradiance (TSI) with enhanced extreme ultraviolet (EUV) emission have been hypothesized to induce a dynamic air/ ocean circulation response resulting from stratospheric ozone production (Lean & Rind 1998) . The configuration of the interplanetary magnetic field (IMF) deflects and entrains galactic cosmic radiation (GCR) that transits the sphere of influence controlled by the sun, i.e., the heliosphere. During periods of heightened solar activity, fewer galactic cosmic rays (GCRs) are detected by earthbound neutron monitors. GCR flux and its correlation with cloud cover remain the most controversial of potential variables influencing the climate system. This study will examine the strength of relationship between GCR flux, solar activity, and a detailed regional cloud cover reanalysis, the North American Reanalysis (Mesinger et al. 2006 ), a historical climate reanalysis that extends from January 1979 to present. The high resolution of this reanalysis, an accompanying land/ocean mask, and multiple altitudes of cloud cover differentiation, provide an interesting perspective to previous research which utilized direct satellite data. Svensmark & Friis-Christensen (1997) purported a controversial correlation between GCR flux and cloud cover. Using cloud cover data from the International Satellite Cloud Climatology Project (ISCCP) and neutron monitors, they report that total cloud cover over the mid-latitude oceans exhibits a positive correlation with GCRs. Hypothetically, an energetic particle shower caused by a GCR impact would cause ionization, resulting in an increase in cloud condensation nuclei (CCN). Periods of anomalously low solar activity, resulting in greater cosmic ray flux and increased cloud cover, would reduce the global temperature (Svensmark 2000) .
The Cosmics Leaving Outdoor Droplets (CLOUD) experiment at the European Organization for Nuclear Research (CERN) was able to duplicate the production of CCN under controlled laboratory conditions (Kirkby et al. 2011) , whereby GCRs increase the production rate of condensation nuclei which leads to an abundance of CCN, and the development of cloud droplets (Yu 2002) . Their results indicate the mechanism is plausible; however, they also raise doubts as to the magnitude of the effect. Additionally, CLOUD results indicate that the processes are most pronounced in the mid-troposphere and above. Erlykin et al. (2013) review the relevance of the CLOUD experiment, and conclude that GCRs do not affect atmospheric clouds significantly. Additionally, climatological models, which incorporate CCN generation mechanisms and cloud microphysics, fail to produce significant change in global-scale CCN populations, cloud optical properties, or radiative forcing (Snow-Kropla et al. 2011; Dunne et al. 2012; Kazil et al. 2012) .
The findings of Svensmark & Friis-Christensen (1997) and Marsh & Svensmark (2000) have been met with considerable criticism (Laut 2003) . Udelhofen & Cess (2001) find indications that cloud cover anomalies over the US exhibit a strong coherence with solar activity and not GCR flux. Instead they argue that the cloud cover anomalies are an effect of the dynamic circulation response through EUV ozone production. These conclusions are mirrored by Kristjansson et al. (2002) who note falling correlations between low cloud cover and cosmic rays after 1993, leading them to the conclusion that cloud cover correlations are the result from EUV stratospheric ozone production affecting the propagation of planetary waves. Balling & Cerveny (2003) using the US radiosonde network, find a statistically significant inverse correlation between GCR flux and low cloud cover over the continental United States. Additionally, other studies find no statistically significant correlations between GCR flux and cloud cover (Erlykin et al. 2009a (Erlykin et al. , 2009b (Erlykin et al. , 2009c Laken et al. 2012a) .
Discrimination between radiation effects of clouds at different altitudes is not trivial. For instance, with regard to climate radiative forcing, an increase in thin high cloud cover results in a net warming, whereas increased thick low altitude cloud cover results in a net cooling. Ionized particle production itself is dependent upon altitude. GCR flux causes greater particle production in the low altitudes, and less at higher altitudes. This is particularly notable over the marine layer (Yu 2002) .
Unfortunately, cloud cover height discriminations are not uniformly applied between datasets. Initially, low cloud cover was determined to be positively correlated with GCR flux, while high cloud cover exhibited a negative correlation (Marsh & Svensmark 2000) . Additionally, there exist cross correlations between cloud layers themselves (Erlykin et al. 2010 ). There have been marked criticisms citing satellite sensor limitations of detection between cloud layers and satellite field of view edge effects (Palle 2005; Laken et al. 2012a) .
Cloud cover is a climatological field variable having both dimensions of time and space. Consequently, as part of the atmospheric continuum, it exhibits high temporal and spatial autocorrelation. Most of low cloud variability comes from the subtropical oceans, where the bulk of the Earth's low clouds are formed (Kristjansson et al. 2004 ). Voiculescu et al. (2006) found a positive correlation between low cloud cover variability with GCR flux over ocean regions and dry continental air masses, and a negative correlation between high cloud cover variability with GCR flux, specifically over the oceans and moist continental areas. Usoskin & Kovaltsov (2008) find strong statistically significant correlations between low clouds and GCR flux in limited geographical regions: the Atlantic Ocean and Europe. Voiculescu & Usoskin (2012) stressed the importance of examining the correlation between GCR flux and cloud cover, at the regional level, specifically at climate defining regions. However, Laken & Č alogović (2013) note that a decreased sample size increases the signal-to-noise ratio, limiting the probability of detecting a solar signal. Other studies have indicated that synoptic scale changes in cloud cover are more likely correlated with regional climatological modes or oscillations rather than GCRs (Laken et al. 2012a) .
GCR flux and cloud cover have been investigated over shorter timescales, most notably during Forbush Decrease (FD) events, or periods when a solar eruption disrupts the solar wind, causing a temporary reduction in GCRs lasting for a few days. However, Forbush decreases are also accompanied by EUV enhanced TSI and energetic solar proton events, resulting in conflicting effects . Using MODIS data, Kristjannson et al. (2008) find only a modest correlation with cloud cover variability during FDs.
Others find no change in global cloud cover during FD (Č alogović et al. 2010; Laken & Č alogović 2011) .
This investigation extends the previous cloud cover correlations with solar activity galactic cosmic ray flux utilizing the North American Regional Reanalysis (NARR); a high-resolution climatological reconstruction of North America and surrounding areas (Mesinger et al. 2006) . Importantly, the NARR uses assimilated weather observations, which provide gridded cloud cover percentages at altitudes similar to ISCCP and MODIS datasets. Additionally, the NARR comes with a land/sea mask for quick differentiation between maritime and continental cloud cover. Additionally, several climatological oscillatory mode data will be used as controls to assess the correlations between GCR flux, solar activity, and cloud cover: specifically the Atlantic Multidecadal Oscillation (AMO), the multivariate El Nino Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), the Pacific Decadal Oscillation (PDO), and the Quasi-Biennial Oscillation (QBO).
Data
The North American Regional Reanalysis is a climatological combined model and assimilated dataset covering 1979 to present at 3 h resolution. It is a supplement to the NCEP/ NCAR reanalysis and is structured on a high-resolution grid on a Northern Hemisphere Lambert Conformal Conic projection. The reanalysis includes cloud cover data for low ( p > 642 mb), mid-level (642-350 mb), high ( p < 350 mb), and total cloud cover.
The NARR uses the cloud prediction scheme from the ETA model developed by NCAR (Zhao et al. 1997) . The model uses atmospheric moisture variables (specific humidity) for its cloud prediction schemes. The cloud predictions are incorporated into the model's radiation calculations. The data are assimilated, passed through the model physics core, providing a fresh re-parameterized grid, insulating it from errors that might arise from satellite observations, sensor failures, or field of view biases. The NARR effectively provides an additional ''frame of reference'' to complement previous investigations utilizing first-order remotely sensed products. Reanalysis products are essentially ''massaged'' data and it is possible that if solar signals ever existed in the observational data, they could have been entirely removed by models during the creation of the reanalysis data.
The NARR data was obtained via PSD ESRL Physical Science Division at the Earth Systems Research Laboratory in Boulder, Colorado (http://www.esrl.noaa.gov/psd/data/narr/). Monthly mean data was used along with the long-term monthly means. To distinguish between ocean cloud layers and land cloud cover, NARR land/ocean mask was also obtained.
Monthly sun spot numbers were obtained from the Marshal Space Flight Center, NASA (http:// solarscience.msfc.nasa.gov/). Solar 10.7 cm radio flux (F s ) monthly means were obtained from via PSD ESRL Physical Science Division at the Earth Systems Research Laboratory in Boulder, Colorado. Climate indices for the Atlantic Multidecadal Oscillation (AMO), the multivariate El Nino Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), the Pacific Decadal Oscillation (PDO), and the Quasi-Biennial Oscillation (QBO) were also obtained via the PSD ESRL.
North American GCR neutron data was obtained via the Neutron Monitor Database (http://www.nmdb.eu). Stations for Newark, New Jersey (NM1) and Thule Air Force base, Greenland (NM2), were selected for their continuous monthly observations matching the NARR time domain, 1979 through 2013. Total cloud cover data for land, ocean, and total, as well as time series for solar proxies (SSN, FX), GCR data (NM1, NM2), and climate oscillation time series, are depicted in Figure 1 .
Methodology
Deseasonalized, detrended cloud cover standardized anomalies were obtained by applying a 12-month boxcar moving average for the respective cloud levels (low, medium, high, and total). A two-tailed Pearson's product-moment (r) correlation test was applied to every gridpoint in the NARR field for low level, mid-level, high level, and total cloud cover, versus the solar activity proxies (SSN and Fs), the GCR proxies (NM1, NM2), and the climatological indices (AMO, QBO, ENSO, NAO, and PDO). Regional correlations were obtained by averaging correlation coefficients which exhibit p-values less than 0.05, for land, ocean, and total field domains. The correlation tests are only performed with a zero lag, under the assumption that atmospheric ionization and cloud cover responses operate at sub-monthly timescales (Arnold 2006) . The time series with n = 420 values provides 418 degrees of freedom, yielding a critical correlation coefficient of 0.096 (r critical ) at a p-value of 0.05. The regional correlation coefficients, their associated standard error estimates, number of successful tests, and the order of magnitude of the minimum local p-value are shown in Table 1 . Low-level, mid-level, high-level and total cloud correlations between SSN, NM2, AMO, and PDO are depicted in Figures 2-5, respectively.
Additionally, cross correlation coefficients were obtained for the dependent variables: solar proxies, GCR data, and climate indices; and for between altitudes regarding the regional cloud cover anomalies. The dependent variable time series cross correlation coefficients are presented in Table 2 , and the cloud cover altitude regional cross correlation coefficients are presented in Table 3 . Cross correlation coefficients between low-level cloud cover versus mid-level and high-level cloud cover are depicted in Figure 6 .
The minimum local p-values were obtained to address the global field significance, also known as the multiplicity problem, which results from a large number of parallel statistical tests (Livezey & Chen 1983) . Additionally, climatological field variables exhibit high spatial autocorrelation, resulting in an increased probability of committing a Type 1 error, or falsely rejecting the global null hypothesis (Wilks 2006b ). Walker's test (Wilks 2006a ) was used to evaluate global field significance. Walker's minimum p-value is calculated:
where K is the total number of parallel tests, and a global represents the global confidence value (0.05). Walker's test is robust against both the multiplicity test false discovery rate and the local spatial dependence (Wilks 2006a 
Discussion

Regional correlations
In general, the regionally averaged correlation coefficients only satisfy the r critical when separated into land or ocean subdomains. Additionally, there are many instances where the global null hypothesis cannot be rejected ( p min ! p Walker ). For instance, the QBO fails to reject the global null hypothesis in all iterations of the correlation tests. Moreover, roughly half of all regionally averaged correlation tests do not satisfy the r critical of 0.096. In Table 1 , correlation tests, which do not meet to December 2013 at monthly resolution. Total cloud cover detrended standardized anomalies averaged over the entire NARR domain; total cloud cover detrended standard anomalies averaged over continental landmass; total cloud cover detrended standard anomalies averaged over oceans; sun spot number and 10.7 cm solar radio flux; GCR neutron monitors; the Atlantic Multidecadal Oscillation; the Quasi-Biennial Oscillation; the Multivariate El Nino Southern Oscillation; the North Atlantic Oscillation; and the Pacific Decadal Oscillation. the r critical or fail to pass Walker's minimum p-value test, are shaded in gray.
Low cloud cover correlations
For low cloud cover, only the solar proxies, GCR proxies, the AMO, PDO, and ENSO exhibit significant correlation coefficients, and no correlation variable satisfies the r critical for cloud cover when averaged over the entire domain. There exists a unique asymmetry for with low cloud cover, specifically regarding a significant negative (positive) correlation between low level ocean cloud with solar proxies (GCR proxies) and a positive (negative) correlation with land cloud cover. The correlation coefficients between solar proxies and low level maritime cloud cover are the highest, with coefficients of À0.130; AMO correlates with low level continental cloud cover at À0.176, which is the highest coefficient for low level continental cloud cover.
Regionally, for SNN and NM2 (Figs. 2 and 3, respectively) there exists a very sharp distinction between correlation over the ocean versus land. For the AMO, the correlation coefficients are almost entirely negative over land, whereas the ocean correlation does exhibit negative coefficients' cluster in the Central Pacific flanked by positive correlation coefficients. SSN and FLUX refer to sun spot number and solar radio flux, respectively. North American GCR neutron data for Newark, New Jersey (NM1) and Thule Air Force base, Greenland (NM2). Climatological indices included in the correlation matrix are the Atlantic Multidecadal Oscillation (AMO), the Quasi-Biennial Oscillation (QBO), the multivariate El Nino Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and the Pacific Decadal Oscillation (PDO). Correlation coefficients (r) represent ocean, land, and total domain averages, the standard error (SD), n: number of significant p-values, and the order of magnitude of the minimum p-value for field significance testing. Walker's test for global field significance requires a minimum p-value to be no greater than 10 À7 .
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Mid-level cloud cover correlations
Mid-level cloud cover is the only altitude which maintains correlation values above the critical value when averaged over the entire domain (see Table 1 ). Interestingly, both GCR proxy correlations failed to reject the global null hypothesis for midlevel maritime cloud cover, whereas solar radio flux shows a positive correlation coefficient of 0.175. However, the asymmetry between land and ocean is absent here for solar proxies, as SSN and FX exhibit~0.17 for continental, maritime, and total mid-level cloud cover. The inverse relationship folds for GCRs vs. solar having negative forcings over land and the entire domain. Additionally, the ENSO and PDO show consistent positive correlation coefficients (~0.142 and~0.165, respectively) at all subdomains at this mid-level cloud altitude. However, the AMO exhibits the highest magnitude correlations for all subdomains of mid-level cloud cover having negative correlation coefficients of À0.223, À0.205, and À0.218 for ocean, land, and entire domain respectively. Regionally, in Figure 2 , SSN exhibits widespread positive correction in the tropics to subtropics and the Polar Regions. This is essentially inverse in Figure 3 , where NM2 exhibits the opposite pattern. Whereas, the negative correlation coefficients between the AMO and mid-level cloud cover (Fig. 4) all but covers the entire map. Again, it appears that the PDO correlation exhibits the opposite pattern of the AMO, portraying positive correlation coefficients across the entire domain.
High cloud cover correlations
High-level cloud cover exhibited the least amount of valid correlation tests of any cloud cover altitude. Solar or GCR proxy correlation did not yield an absolute correlation coefficient greater than r critical . The AMO exhibits the strongest correlation coefficients over the oceans at À0.109, however it does not yield a valid coefficient for land or the entire domain. The only variables, which provide a valid correlation coefficient over continental high clouds, are the ENSO at 0.120 and the PDO at 0.106. As with low level and total level cloud cover, no variable achieves a valid correlation coefficient over the entire domain for high cloud cover.
However, there appears to be a noticeable latitudinal asymmetry for high cloud cover correlation coefficients across both ocean and land subdomains, possibly resulting in these subcritical correlation coefficients. For SSN, there are marked positive correlation coefficients over the tropics and the United States Gulf Coast and Eastern Seaboard with negative correlation coefficients over much of Canada, Greenland, and the North Central Pacific. For NM1, there exists an almost reciprocal pattern: negative correlation coefficients near the South US and Atlantic Seaboard, with positive correlation coefficients in Canada. This NM1 correlation is mirrored in the AMO high cloud correlation pattern. Given that the NARR high-level SSN and FLUX refer to sun spot number and solar radio flux, respectively. North American GCR neutron data for Newark, New Jersey (NM1) and Thule Air Force base, Greenland (NM2). Climatological indices included in the correlation matrix are the Atlantic Multidecadal Oscillation (AMO), the Quasi-Biennial Oscillation (QBO), the multivariate El Nino Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and the Pacific Decadal Oscillation (PDO). Bold coefficients indicate p-vales less than 0.05. cloud layer is situated above 350 mb, this latitudinal asymmetry is likely due to the positioning of the subtropical and polar jet streams.
Total cloud cover correlations
The total cloud cover layer exhibits very similar patterns to low-level cloud cover. For maritime total cloud cover, SSN has a strong À0.125 correlation coefficient. For continental cloud cover, the AMO has a À0.194 correlation coefficient. However, the ENSO total cloud cover correlations more accurately reflect its mid-level and high-level cloud cover patterns for land, with a correlation coefficient of 0.135. Continental total cloud cover has similarities to the PDO low-level, midlevel, and high clouds at 0.159. Regional correlation patterns of total cloud cover closely mirror low-level cloud cover.
Cross correlation
Cross correlation coefficients between dependent variable time series are displayed in For the most part, there is widespread positive cross correlation between cloud cover at different altitudes over land, ocean, and total (Table 3 ). This conflicts with previous findings which utilize satellite observations which find widespread negative correlation between low and middle to high cloud cover. However, a major exception occurs for ocean low cloud cover cross correlation with medium and high ocean cloud cover. Low ocean cloud cover fails to produce a correlation coefficient larger than the r critical value between other ocean cloud altitudes. It is the author's assumption that the assimilation reanalysis process is responsible for the widespread positive correlations between cloud cover altitudes, however further investigation is required. The cross correlation coefficients additionally indicate that low cloud cover, over land, ocean, and the entire domain exert the most control over the total cloud cover: 0.856, 0.876, and 0.863, respectively.
Previous findings
For GCRs, this investigation does find a positive correlation between GCRs and low-level marine cloud cover particularly in the mid-latitude oceans, consistent with previous findings (Svensmark & Friis-Christensen 1997; Marsh & Svensmark 2000; Yu 2002; Voiculescu et al. 2006; Usoskin & Kovaltsov 2008) . It should be noted, however, that SSN and FX exhibit slightly larger correlation coefficients than NM1 and NM2, À0.130 and À0.130 versus 0.111 and 0.119, respectively. This investigation also finds a negative correlation between GCRs and land low cloud cover in agreement with Balling & Cerveny (2003) albeit for different reasons (the majority of the land correlations are located in Central America, not in the US). However, the AMO correlation of À0.176 is the greatest correlation magnitude for low land cloud cover.
Regional correlation for high cloud cover cannot be compared to previous work due to their latitudinal asymmetry, which resulted in subcritical correlation coefficients. Additionally, maritime high cloud cover failed to reject the global null hypothesis for field significance. The spatial distribution of GCR correlation with high cloud (Fig. 3) shows a plume of negative correlation covering much of the southern to northeastern United States. However, between 35°and 60°north, a positive correlation exists over parts of the Pacific and much of Canada.
Conclusions
For low cloud cover, the regional correlations are consistent with previous research. Low cloud cover over the North American continental interior and for regions of the midlatitude oceans exhibited a positive correlation with cosmic ray flux (Svensmark & Friis-Christensen 1997 cover exhibits the only failed correlation significance with other altitudes. The cross correlation reveals that cloud cover is positively correlated everywhere but for ocean low cloud cover, supporting the unique response of the marine layer. However, the solar proxies registered a slightly higher regional correlation coefficient than the GCRs. Additionally, low cloud cover exhibited noticeable asymmetry between land/ocean and Solar/ GCRs. Further, extensive positive cross correlation between cloud cover altitudes is anomalous with regard to previous investigations. It is unclear whether the reanalysis process is responsible.
Out of all the correlation analyses, the QBO proxies exhibit the least remarkable correlation with cloud cover, failing to reject the global null hypothesis in all test iterations. The Atlantic Multidecadal Oscillation exhibited the maximum influence on cloud cover, was negatively correlated with cloud cover at all levels over all surfaces which satisfied r critical . The ENSO and PDO exhibited the subsequent highest correlations, with regional correlation coefficients similar to SSN/FX, and NM1/NM2. The ENSO and PDO additionally exhibited the greatest cross correlation coefficients at 0.516.
In regard to the solar forcing of the climate system, the results of this investigation suggest that with the assumption that solar forcing does impact cloud cover, measurements of solar activity exhibit a slightly higher correlation than GCRs. The only instance where GCRs exhibit a positive regional correlation with cloud cover is for maritime low clouds.
Several researchers (Farrar 2000; Roy & Haigh 2010 ) argue that Pacific Ocean cloud cover correlations with GCRs are coincident with the ENSO. This investigation's results find that the regional correlation of the ENSO is negative for low maritime cloud cover (opposite of GCRs). Additionally, the ENSO time series failed to produce a significant cross correlation coefficient between solar proxies or GCR proxies (Table 2) . However, the cloud cover correlations could possibly be coincident with other climate indices (Laken et al. 2012b) with the AMO, which not only exhibits the largest influence on regional cloud cover, but also displays significant correlations with both solar proxies and GCR proxies. Other researchers have raise the possibility that long-term solar activity may act as a chaotic attractor for the various climatological modes of the atmosphere and ocean, and that they may even exhibit chaotic synchronization at times (Palus et al. 2007 ). Although both solar activity and GCR proxies exhibit regional correlations, specifically over marine low clouds, the AMO appears to exert the greatest control of cloud cover in the NARR domain.
